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FOREWORD 
The  research  described  in  this  report  was  conducted by the  Dynamics 
Science  Division of Marshall  Industries  under NASA contract NAS 3-12031. 
Mr.  Richard J. Priem of the  Lewis  Research  Center  Chemical  Rocket  Di- 
vision  was  the NASA Project  Manager.  The  report  was  originally  issued as 
Dynamic  Science  report  SN-145-F. 
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SUMMARY 
An experimental   study  was  conducted to study  the  spray  formed  by 
impinging streams of liquid hydrazine and nitrogen tetroxide. The experi- 
mental   technique  was  based  on  photographic  observation of the  resul t ing 
liquid spray. Single exposure color photographs and high speed motion 
pictures  with  simultaneous  chamber  pressure traces recorded on the  f i lm 
were  used.  .; 
Stream  mixing  and  separation  phenomena  were  determined  based 
on the photographic observations. At  low  chamber  pressures,   the  boil ing 
of nitrogen  tetroxide  was  found to play a significant  role.  With  nitrogen 
tetroxide  above  the  boil ing  point  the  result ing  spray  pattern  showed  that  
m o s t  of the  l iquid  hydrazine  was  confined  within  the  fuel  side  and  thus 
resulted in very poor mixing. At  high chamber pressure, separated flow 
was  also observed. The resulting spray definitely showed a color varia- 
t ion  with  colorless  hydrazine  mainly  on  the  fuel  side of the  spray  and 
liquid nitrogen tetroxide on the oxide side. Good liquid spray mixing 
was  observed at lower  pressures.   Propellant  temperatures  and jet dia-  
meter to velocity  ratio  appeared to be unimportant. Propellant additive 
also did  not  influence  mixing at 15 Psia. 
The  occurrence of combustor  pressure  popping  (sudden  rise  in 
chamber  pressure  which  accompanied  rapid  burning of the  l iquid)  was 
also found to depend on chamber pressures.  Using .055" and ,060" 
orifices,  combustor  pressure  popping  was  very  significant  for  chamber 
pressures  below  approximately 190 Psia and  popping  was  rarely  observed 
for chamber pressures above 190 Psia. Popping frequency and the average 
overpressure attained lower values a t  higher chamber pressures. Injector 
orifice played a significant role.  Using . 027"  orifice, injector poppings 
were not observed and for .040"  orifice,  poppings  were  only  observed 
infrequently  under  atmospheric  pressures  and  were  absent at high  chamber 
pressures .  T o  summarize, injector poppings occurred more frequently 
using  larger  orifice  diameters at lower  chamber  pressures  and less fre- 
quently  using  smaller  orifice  diameters at higher  chamber  pressures. 
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INTRODUCTION 
Cold  flow tests have  been  conducted to understand  and to Amprove 
injector design technology. After very extensive studies of the result ing 
sprays formed by impinging chemically nonreactive streams, Rupe (Ref .  1) 
formulated an optimum mixing criteria. With impinging.-streams of rea l  
propellants , significantly different phenomena are observed, namely 
separat ion.  A s  first reported by Elverum and Standhammer (Ref .  2)  react ions 
of hypergolic  propellants  were  rapid  enough  to  prevent  normal  liquid  phase 
mixing. These separation effects were particularly evident with hydrazine/ 
nitrogen tetroxide systems. Continued experimental studies by Johnson 
(Ref .  3)  and Evans , Stanford, and Riebling (Ref .  4)  have shown reduced 
rocket  engine  performance  with  stream  sepa.ration . 
Photographic observations of stream  separation  phenomena  were 
first  conducted a t  NASA Lewis Research Center by Burrows (Ref .  5 ) .  Subse- 
quent  photographic  studies of the  result ing  sprays  were  carried  out a t  
Dynamic Science (Refs. 6 and 7) to arrive at more quantitative data of the 
stream impingement phenomena. A slot   injector  was  used  with  the  result ing 
spray flowing over a lucite plate. Additional photographic observations have 
also been carr ied out  a t  Rocketdyne (Ref. 8) and Aerojet (Ref. 9 ) .  An al ternate  
method of using  on-line mass spectrometer  to  study  stream  separation is 
being conducted by Houseman (Ref. 1 0 ) .  
Attempts  to  correlate  and  to  predict  stream  separation  phenomena 
have also been carried out. Separation criteria have been defined in terms 
of chemical rea.ction t i m e  and  interface  propellant  residence t i m e  (Ref. 6 ) .  
Kushida and Houseman (Ref .  11) proposed two complementary theoretical 
models;   one  based on 'the  attainment of bubble  point  temperature,  and a 
second  model  more  applicable  for  higher  pressures,emphasized  the  gas  phase 
reac t ions .  
In addition to stream  mixing  and  separation  phenomena,  violent 
explosions of liquid propellant sprays, commonly known as poppings,  have 
a l so   been   observed .  The object ive of the  present   work  was to  determine 
the  governing  factors  affecting  stream  mixing/separation  phenomena  and 
the  occurrence of popping  and  to  define  engine  operating  regions  where 
these different  combust ion processes  are  most l ikely to  occur .  These 
results  will   be  most  helpful  for  design  engineers.  
2 
EXPERIMENTAL  APPARATUS 
Combustion  Chamber 
Impingement  experiments  were  conducted  using a single  element,   l ike 
on unlike, combustion chamber as shown in Figure 1. The injector consisted of 
a pair of s t a in l e s s  steel tubings  press  fitted  into  an  aluminum  injector  plate, 
(Fig. 2 ) .  The tubings protruded 1/4 inch from the plate. Orifice alignments 
were  properly  refined  under  cold  flow  conditions  by  manually  adjusting  the 
protruding tubes. The impingement angle was fixed at 6 0 ° .  The distance be- 
tween  the  center of the  two  orifices  were  four  orifice  diameters  apart.  The 
ratio of the  orifice  length to that  of orifice  diameter (L/D) was  equal  to 100.  
Four  different  injector  orifices , with  orifice  diameter  respectively  equal to 
. 0 2 7 " ,  .040",  .055",  and .060"  were used throughout the experiment. 
The  injector  plate  was  f i t ted  over a test cha.mber  consisting of a rec- 
tangular  aluminum  block  with a cylindrical  hole 2 "  by 4 3/8"  along  the  center 
of the block. Two viewing windows, with window openings equaled to 1.7"  
diameter were used for lighting and photographic purposes. Quartz windows 
were  used  because  they  were  more  compatible  with  the  propellants  as  well  
ds better light transmission in the ultra-violet range: Copper nozzles were 
at tached to the bottom end of the  chamber.   Six  different  copper  nozzles,  
with nozzle diameters equal to 1.5",  . 600" ,  .400",  .283",  179",  and .128" 
were  used  to  vary  the  chamber  pressures. 
Propellant  Feed  System 
A schematic of the  nitrogen  tetroxide/hydrazine  flow  system is shown 
in Figure 3. The flow systems were fabricated with 304 stainless steel l i nes .  
The propellant tanks were designed for a working pressure of 1000 Psia. The 
tank capacit ies were approximately 1/3 gallon. Pressurization of the tank was 
controlled  by a regulator  and a release  valve  which  was set at 1000 Psia. 
Two solenoid  valves  were  used  to  vary  the  dome  pressure of the  regulator. 
Propellant  flow  rates  were  controlled by the  propellant  tank  pressure  and  a. lso 
by va.riable area cavitating venturi valves. The flow controllers were micro- 
meter head type. This device provided easy and precise control of the propel- 
lant  flows  and  allowed  for  more  efficient  testing  with  the  ability  to  match 
desired stream momentum ratios.  Heat exchangers were provided for each of 
the  propellant  tanks,   and  coa.xia1  l ines  were  used  for  the  entire  propellant 
supply system. Propellant temperature was controlled .by flowing water at 
elevated temperatures or ethylene glycol-water mixtures at low temperatures 
through the heat exchangers and the propellant coaxial feedl ines .  Two 500 wat t  
heaters   were  used to raise  the  water  temperatures.  A refrigerated coil bath 
conditioner,   with a refrigeration  compressor  unit  was  used  to  condition  the 
ethylene glycol-water mixture temperatures. Propellant temperature variations 
between 40°F and 14OOF could be easily attained using this system. Prior to 
each   tes t ,   the   p rope l lan ts   were   f i r s t   l ed   in to  a by-pass  tank  unti l   the  desired 
propellant  flow  rate  and  temperature  were  achieved  before  being  introduced 
-into  the  combustion  chamber. 
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Figure 1 .  High Pressure Impingement Test Chamber. 
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Figure 3 .  N204/N2H4 Flow System. 
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Recording Instrumentation 
Hydrazine  and  nitrogen  tetroxide  f low  rates  were  measured  with  turbine 
type  flow  meters. I/C thermocouples  were  used to record  the  propellant 
temperatures  in  the  tanks:  immediately  downstream of the  flow  meters,  and 
at the  injectors.   Propellant  tank  pressures  were  monitored  by  strain  gauge 
transducers.   Chamber  pressures  were  measured  with a quartz  pressure 
t ransducer   and a s t ra in   gauge  t ransducer .  
The test control  console  housed  the  propellant  control  console,  a test 
sequence  uni t  , amplifiers  and  various  recording  instrumentation  and  related 
components. The signals of the flow meters,  thermocouples at the   in jec tors ,  
and  pressure  t ransducers  of the  combustion  chamber  were  fed  into  amplifiers 
to a recording oscillograph. The flow rates were determined from the  meter 
frequencies  output  and  the  propellant  densit ies.  An osci l loscope  was also 
used   in   cer ta in  tests to record  the  pressure signa.1 of the  quartz  transducer. 
Propellant  tank  pressures  were  recorded on a two  channel  strip  recorder. 
Propella.nt  temperatures  in  the  tank  and at the  flow  meters  were  recorded  on 
a multipoint recorder. The entire experiment was operated remotely through 
the  test control   console .  
Photography 
The  experimental  technique  was  based  on  photographic  observeration of 
the impingement region. Both single exposure photograph and high speed motion 
pictures   were  used.  A microflash  system  was  used to provide  the  proper  lighting 
for single exposure photography. Flash duration was approximately 1.0 micro- 
second with peak light intensity of thirty million beam candlepower. This high 
intensity  completely  masked ou t  t he  f l a m e  l ight,   and  the  microsecond  f lash 
duration  stopped  the  stream  and  droplets  motion,  thus  allowing  clear  observa- 
tion of liquid  hydrazine  and  liquid  nitrogen  tetroxide. Al l  of the  single  expo- 
sure  photographs  were  recorded  on  color f i l m s .  
The  impingement  phenomena  were also recorded  on  high  speed  motion 
pictures .  A rotating  prism  camera,  with  framing  speed set at 3000 , 4000 , and 
mostly at 5000 frames per second was used. In addi t ion,  a shut ter   with  an 
exposure  ratio of 1/100  was  also  employed so that  a two  microsecond  exposure 
t i m e  was obtained with a framing speed of 5000 per   second.  T o  observe  injec-  
tor  poppings , it was  m o s t  desirable.to  correlate  the  chamber  pressures  with  that  
of the  explosion  phenomena. T o  bes t   ach ieve   th i s   cor re la t ion ,   the   ou tput  of the 
quartz   t ransducer   was  fed  into  an  osci l loscope  and  the f i l m  was  back-exposed 
with the oscil loscope trace.  Thus the high speed motion pictures simultaneously 
recorded the injector poppings and the corresponding pressure spikes. Figure 4 
shows  the  experimental   setup  where a second  lens   was  a t tached  to   the  backside 
of the  movie  camera  and  was  used  to  focus  the  chamber  pressure  traces on the  
osc i l loscope .  
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Figllre 4 .  Experimental Setup for Studying Injection Mixing Explosions. 
IMPINGEMENT EXPERIMENTS UNDER ATMOSPHERIC PRESSURE 
Tests were  conducted  by  impinging  liquid  strea.ms of hydrazine  and 
nitrogen  tetroxide  either  in  the  open  atmosphere or within  the  combustion 
chamber using a 1 1/2 inch diameter nozzle. The latter technique was 
desirable  to protect  the  photographic  instrumentation  when  closer  observations 
were required. Only single exposure photography was employed during this 
.3 phase of study. Resul t s  were analyzed based on the photographic observations 
$ of the spray by  impinging streams of hydrazine and nitrogen tetroxide. The 
.!; test parameters for this phase of study were as follows: 
Chamber  Pres  sure  one  atmosph re 
Propellant  Temperature 
Hydrazine 45OF - 105OF 
Nitrogen  Tetroxide 42OF - 8OoF 
Propellant  Velocity 
Hydrazine 18 ft/sec - 9 4  ft/sec 
Nitrogen  Tetroxide 1 6  ft/sec - 72 ft/sec 
Orifice  Diameters  (inch) . 0 2 7  , .040,  .055, . 0 6 0 .  
Two distinctly  different  impingement  phenomena  were  observed  under 
atmospheric  pressure tests. For nitrogen tetroxide temperature above the 
boiling  point (=70° F) , vaporization of the  oxidizer   was  s ignif icant ,   resul t ing 
more  c losely  to  a gas/liquid impingement. For nitrogen tetroxide tempera- 
ture below the boiling point, liquid/liquid impingement was observed. Figure 5* 
shows a photograph of a gas/liquid impingement. The flash light intensity 
(30 million beam candles) completely masked out the flame. The short flash 
duration ( 1 . 0  P second)  stopped  the  motion of propella.nt  droplets  and  1iga.ments. 
The  presence of the  oxidizer  vapor  was  evidenced by the  sl ight  spreading of 
the jet ,  with the flow velocity mainly along the injector axis. The nitrogen 
tetroxide  vapor  attained a much  higher  velocity a s  compa.red  with  that of liquid 
hydrazine. The resulting vapor stream carried the hydrazine droplets along 
with i t ,  confining the hydrazine droplets mainly on the fue l  side.  This corres- 
ponded to a "separated" flow. Figure 6 is the photograph of the identical  f low 
situation. The photograph was taken with 0.5 second exposure t i m e  without 
the  f lash  and  thus  showed  the  combustion flames of the  impingement  region. 
The f l ame  light  indicated  that  the  combustion  occurred  mainly  on  the  hydrazine 
s ide  , similarly indicating a "separated"  f low. 
*Color   photographs  are   presented  in   f i lm  supplement  C-273 to  this  report ,  
which  is   avai lable  on load;  a  request  card  and a descr ip t ion  of the film a r e  
included  at  the  back of the  report .  
9 
Nitrogen 
Tetroxid e Hydrazine 
Temp. (OF) 
Vel. (ft/sec) 
Pres su re (ps i a )  
Orif ice   ( inch)  
Pfu"/gou% 
O/F 
Test Number 
1 
Figure 5 .  Stream Separation With Two Phase N 2 0 4  Stream. 
Nitrogen 
Tetroxide 
\ J 
Hydrazine 
I 
I 
i 
A 
t 
Temp. (OF) 
Vel. (ftlsec) 
Pres su re (ps i a )  
Orif ice  ( inch)  
P f f  0 0  ua/p u" 
O/F 
Test Number 
" 
ox Fuel 
70 105 
17 .93  27.17 
14.7 
.02 7 
1 .587  
.955 
114 
" 
ox Fuel 
70 105 
17 .93  27 .17  
14 .7  
.02 7 
1 .587  
.955 
116 
Figure 6 .  T i m e  Exposure Photograph of Stream Separation with 
Two Phase  N204 St ream.  
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For  nitrogen  tetroxide  temperature  below 70° F , liquid/liquid stream 
impingement  was  observed.  The  color of the  resul t ing  spray  was  very 
u~ifonn showing  that  droplets  and  ligaments of liquid  fuel  and  liquid 
oxidizer were intermixed. Figure 7 is an  i l lustrat ion of the stream mixing 
.A 
-4 case. 
Figure 8 shows  the  resul t  of the  impingement  study  under  atmospheric 
pressure  conditions.   The  data  are  presented  in terms of D/V (the  ratio of 
orifice  diameter to average  propellant  velocity)  and  the  temperature of 
nitrogen  tetroxide at the  injectors.   The  data  indicated  that   for  nitrogen 
tetroxide  temperature  above  approximately 70' F ,  very  poor  liquid  mixing 
previously.  For nitrogen  tetroxide  temperature  below  approximately 7OoF , 
the resulting spray showed good mixing of the l iquid propellants.  Injector 
popping was also observed  within  these  temperature  ranges.   The  simul- 
taneous  occurrence of both  popping  and  stream  mixing  will  be  discussed 
in  more  detail  in  the  injector  popping  section of this  report .  
m 
u occurred  due to the  vaporization of nitrogen  tetroxide  stream as d i scussed  
Effect of unequal  propellant  temperatures  on  stream  mix/separation 
phenomena was also studied under atmospheric pressure conditions.  The 
result  presented  in  Figure 9 indicated  that  hydrazine  temperature  played  no 
significant role.  Influence of unequal propellant velocit ies was also found 
to be  insignificant  when  approximately  equal  temperature  streams of hydra- 
zine and nitrogen tetroxide impinged at atmospheric pressures.  Effects of 
additives  were also evaluated and found to be unimportant. 1% and 5% of 
unsymmetric  dimethylhydrazine , monomethylhydrazine  and  ammonium  nitrate 
were  respect ively  added  to   l iquid  hydrazine  and  no  s ignif icant   inf luence 
on  stream  mixing  and  separation  was  observed. 
In conclusion,  under  atmospheric  pressures , the  temperature of nitro- 
gen  tetroxide  streams  played  the  dominant  role  with  respect to stream  mixing 
and separating phenomena. Stream separation was never observed when 
nitrogen  tetroxide  was  below its boiling point. For nitrogen tetroxide above 
the  boil ing  point,  stream separation occurred due to vapor/liquid impinge- 
ment. Effects of unequal  stream  velocit ies , unequal propellant temperatures , 
and  various  additives  in  hydrazine  were  found to be  insignificant.  
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Comparism  With  Previous  Experimental  Studies 
Impingement experiments have been previously conducted (Ref.  6) using 
a different  injector  system.  I t   cansisted of a n  aluminum block with orifice 
slots on  which a lucite  observation  window  was  bolted  with a heavy  retaining 
plate .   The  block  was  cut   away at the  impingement  point to allow  fan  formation 
exis t ing  setup  in   two  ways.   Firs t ,   the   propel lants   were  led to flow over 
the   luc i te   p la te  so  tha t   the  lucite burning  could affect the  photographic 
1; ;r: j away from the lucite window. This injector design was different from the  
I observations  especially  when  photographs  were  obtained from the   luc i te  ! 
AJ '1' view of the injector.  Second, the impingement occurred at the immediate 
exit of the  orifice,  with  no  provision  for jet free  travel.  The  photographic 
observations of the  impingement  region  used a 101  second  duration  strobe 
back-lighting. Photographs of the combustion flames with 0.5 second 
exposure t i m e  without   f lash  backl ight ing  were  a lso  carr ied  out .  
The experimental data previously obtained (Fig. 10) in general, 
agreed very well with that shown in Figure 8 .  The limiting boundary 
l ine  (Fig.  10) separating  regions of separation with that of mixing a.nd 
popping  was  indeed  close  to  the  boil ing  point of nitrogen  tetroxide. 
Based on the mixing and separation criterion previously defined ( R e f .  6) ,  
stream  separation  was  a.ttributed  to  tremendous  gas  release  associated 
with chemical reactions. The present study suggested that s t ream 
separa.tion was mainly  due  to  the  boiling of the  nitrogen  tetroxide  stream. 
T o  resolve  this  disagreement,  experiments  were  performed  using  the slot 
injector with the lucite plate.  High speed motion pictures,  with a 2 .  O p  
second  exposure t i m e  per  frame  were  used to observe  the  impingement 
region. A significant  amount  of  oxidizer  gas  was  observed  under  pre- 
viously  separated  conditions,   indicating  that   the  separation  phenomena 
could  be  ca.used  by  the  boiling of nitrogen  tetroxide  rather  than  due  to 
reactions at the  interface  between  propellants.  
In summary, the previously proposed mixing/separation criteria of 
Reference 6 in the  temperature  ranges  where  propellant  boiling  was  signi- 
f ican t ,   has  to be modified.  Furthermore,  under the temperature and pres- 
sure  conditions  where  separation  was  observed,  further  experimental   wsrk 
indicated  that   separation  was  attr ibuted to the  boil ing of nitrogen  tetroxide 
resulting  in  gas/liquid  impingement  and  thus  produced  very  poor  propellant 
mixing . 
15 
I - Mixing 
Separation Line in Ref .( ) 
I11 - Popping 
A A 
Boiling  Temperature N 2 0 4  
"" ooo 
00 
2-D Jets Circ. Jets 
0 Mix f) 
El Separate 
A POP A 
3 . l d  / I I I I I I l l  I ji I 
.1 .2  . 4  . 6  .8  1 .  2 .  4.  
D/V = Secx1o4 
40 
50 
60 
70  
80 
!k 
90 O 
22 
E-l 
100 
110 
120 
Figure 1 0 .  Impinging Jet Separation Data for N204/N2H4 Streams, From Ref. (6) .  
STREAM MIXING/SEPARATION RESULTS AT ELEVATED CHAMBER PRESSURES 
Stream mixing and separation phenomena at elevated  pressures   were 
studied by impinging  liquid  hydrazine  and  nitrogen  tetroxide  within a pressure 
test chamber (Figure 1) .  The experimental conditions were as follows: 
Chamber  pressure 
Propellant  Temperature 
Hydrazine 
Nitrogen Tetroxide 
Propellant  Velocity 
Hydrazine 
Nitrogen  Tetroxide 
Orifice Diameters 
Nozzle  Diameters 
15 Psia - 500 Psia 
4OoF - 14OoF 
4OoF - 14OoF 
15 ft/sec - 90 ft/sec 
15 ft/sec - 80 ft/sec 
.040"  - .055" 
1 .5" ,  . 6 0 0 " ,  .400" ,  .283",  
1 7 9 " ,  and .128".  
Single  exposure  color  photography  and  high  speed  color  motion  pictures 
were employed during this pha.se of study. For single exposure photography 
a high intensity,  microsecond duration flash wa.s u sed .  A high intensity 
tungston  lamp  was  used to  provide  proper  lighting  for  high  speed  motion 
picture observations.  With a 1/100 exposure ratio shutter,  a two micro- 
second  exposure t i m e  was  obtained  with a fra.ming speed of 5000 per 
second. The high intensity l ighting technique completely masked out the 
flame light,  and the microsecond exposure t ime, (1.0~ second for single 
exposure  and  2.0~.  second  for  high  speed  motion  pictures)  stopped  the  l iquid 
stream and droplet motion, thus allowing clear observation of liquid hydra- 
zine and liquid nitrogen tetroxide. The colors of the two impinging streams 
were distinguisha.ble; hydrazine being colorless and nitrogen tetroxide 
being darkish brown. Mixing and separation phenomena were determined 
based  on the  color  dist inction of the  two  l iquid  propellants  within  the 
spray. For sprays with uniform brownish color, the impingement phenomenon 
was def ined as mixed. Whenever color variations within the sprays were 
observed,  with  colorless  l iquid  hydrazine  along  the  fuel side of the  spray,  
the  impingement  phenomenon  was  defined as "separated.  It  
Figure 11 is a photograph of a mixed spray resulting from impinging 
liquid hydrazine stream with that of nitrogen tetroxide. The color of the 
spray was very uniform, indicating good intermixing bf droplets and 
ligaments of two liquid propellants. Figure 12 is an i l lustration of poor 
propellant mixing. The color variation within the spray indicated that 
most of the  colorless  liquid  hydrazine  remained  an  the  fuel  side  while 
brownish  liquid  nitrogen  tetroxide  mainly  remained  on  the  oxide  side. 
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Figure 11. Typical Spray Photograph for Stream Mixing at High Pressure.  
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Figure 1 2 .  Typical Spray Photograph for Stream Separation at High  Pressures .  
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This is an  example of poor  intermixing of droplets  and  l igaments of two 
liquid propellants and is defined as  "separated" flow. High speed motion 
pictures of the  sprays  with  very  similar  f low  conditions as  those  shown 
by Figure 11 and Figure 1 2  were also recorded. I t  was difficult  to d i s -  
t inguish  the  propellant  colors  since a high  intensity  tungston  filament 
lamp  was  used to provide the backlighting. The motion pictures did 
show  one  dist inct   feature.   Brownish  oxidizer  vapor  was  found  on  both 
s ides  of the  resulting  spray  in  the  stream  mixed case while  oxidizer 
vapor  was  found  to  be  more  noticeable  on  the  nitrogen  tetroxide  side 
of the  spray  in   the  s t ream  separated case. 
!j 
A t  low  chamber  pressures  (under 60 Psia) vaporization of nitrogen 
tetroxide was again found to play a significant role.  Separated flows due 
to gas/liquid impingement were observed. A s  evidenced by Figure 5 and 
Figure  12,   the  sprays of the  two  "separated"  f lows  were  s ignif icant ly  
different.  
Stream  mixing/separation  results at elevated  chamber  pressures  are 
shown in Figure 13. Test data presented were only those with chamber 
pressure fluctuations less than 5%.  In terms of average init ial  propellant 
temperatures  and  chamber  pressures , two  different  separated  flow  regions 
were defined (shaded regions in Fig. 13). Separated flows were observed 
for chamber pressures above approximately 230 Psia. The color photo- 
graphs of these  sprays  def ini te ly   showed a color  variation  with  liquid 
hydrazine appearing on the fuel side of the spray. The effects of init ial  
propellant  temperature  and  injection  velocities  were  found  to  be  not 
significant,  (similar to Fig.  12).  A t  lower chamber pressure (less than 
230 Psia) and for nitrogen tetroxide below its boiling  point,   sprays 
with very uniform brownish color were observed. These were the mixed 
f lows .  At chamber  pressures  below 60 Psia and for initial nitrogen tetroxide 
temperature  a.bove  the  boiling  point,  separated  flows as  a result  of gas /  
liquid impingement, were observed. The data agreed very well with the 
nitrogen tetroxide vapor pressure curves.  For chamber pressure at 55 Ps ia ,  
gas/liquid  impingement  was  observed  for  nitrogen  tetroxide  temperature 
above 133OF, resulting  in a spray  pattern  similar to that shown in Figure 
5 .  The effect of different propellant velocities was found to be not 
s ignif icant .  
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COMBUSTOR PRESSURE POPPING 
Transient  high  amplitude  pressure  disturbances,  commonly  referred to 
as "pops"  have  been  observed  during  steady  state  rocket  engine  operation. 
The  term  "pop1'  has also been  used  to  describe  alt i tude  ignit ion  spikes  and 
shutdown  spikes.  In the   p resent   d i scuss ion ,   the  term popping will be used 
to describe  high  pressure  disturbances  associated  with a single  doublet   injector 
element  during  steady state engine  operation  conditions. 
Popping was studied  under  atmospheric  and  elevated  pressures  with 
impinging liquid streams of hydrazine and nitrogen tetroxide. The occurrence 
of popping  was  particularly  easy  to  distinguish  when  impingement  experiments 
were conducted in the open atmosphere. This was evidenced by the loud 
noise   associated  with  these  explosions.  The noise  of these  explosions 
was recorded on the oscillograph via a microphone. Popping studies under 
elevated  pressures  were  investigated  by  impinging  propellant  streams  within 
the combustion chamber as shown in Figure 1. High speed motion picture 
technique was used to observe the popping. Chamber pressures were 
simultaneously  recorded  on  the  oscil lograph  and on the  movie f i l m  v ia   an  
osci l loscope.  The occurrence of popping was determined based on motion 
picture  observations  and  the  related  pressure  spikes.  
Experimental  results  showed  that  the  two  dominant  parameters  governing 
the  occurrence of popping  are  the  orifice  injector  diameter  and  the  chamber 
pressure. Under atmospheric pressure with nitrogen tetroxide temperature 
below  its  boiling  point, test results  showed  that  popping was never  observed 
when .027" diameter injector was used. Popping was observed infrequently 
when .040" diameter was used. Popping was always observed when .055" 
and .060" diameter orifices were used. 
A typical occurrence of popping is i l lustrated in Figure 14 .  The photo- 
graphs were reproduced from motion picture recordings. The f i l m  speed was 
5280 f r ames  per second. With the addition of a 1/100 exposure ratio shutter,  
the exposure time was a.pproximately 2 .  Op seconds .  The experimental 
conditions  were: 
Chamber Pressure 
Propellant  Temperature 
Hydrazine 
Nitrogen  Tetroxide 
Propellant  Velocity 
Hydrazine 
Nitrogen  Tetroxide 
Orifice Diameter 
100 Psia 
71.5OF 
68. O°F 
52.8 ft/sec 
4 6 . 5  ft/sec 
.060"  
2 1  
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t = 0.0  sec., PC = 100 ps ia  t = 1326y sec., PC = 190  ps ia  
t = 1891-1 sec., PC > 475  psia t = 18941~. sec., PC = 175  ps ia  
t = 75711 sec., PC > 475  psia t = 3 4 0 9 ~  sec., PC = 100 ps ia  
Figure 14. Hydrazine/Nitrogen Tetroxide Injector Popping Sequence. 
Test Number 479. Steady State Chamber Pressure = 
100 ps ia .  
The  pressure  spike  associated  with  the  popping at a t i m e  of 1891seconds 
in Figure 14, was in excess of 475 Psia. The entire popping sequence 
took approximately 3 0 0 0 ~  seconds .  
By increasing  the  chamber  pressure to approximately  195 Psia (by 
replacing  the  chamber  nozzle from .600" to .400") high  pressure  spikes   were 
no  longer  recorded  on  the  oscil lograph  results.   The  corresponding  high 
speed  motion  picture  recordings also did  not  show  the  violent  explosion 
dis turbance of popping. Only intermittant stream blow aparts were 
observed.  These  blow  aparts  did  not  produce  any  appreciable  pressure 
spikes ,   but   did  produce  chamber   pressure  f luctuat ions of approxima,tely 
10%. Figure 15 is a typical   sequence of this  blow  apart  phenomenon. 
The  experimental  conditions  were: 
Chamber  Pressure  195 Psia 
Propellant  Temperature 
Hydrazine 7 O°F 
Nitrogen  Tetroxide: 68OF 
Propellant  Velocity 
Hydrazine 5 1 .  O ft/sec 
Nitrogen  Tetroxide : 46.5 ft/sec 
Orifice  Diamete   .060" 
These tests showed  that   poppings  which  were  observed  with  chamber 
pressure at 100 Psia were  no  longer  observed  with  chamber  pressure at 
195 Psia. Color movies of popping (Fig. 14) and absence of popping 
(Fig. 15) a r e  shown in the film supplement to this repor t .  
The effect of chamber  pressure  can  be  briefly  summarized as follows: 
at higher  chamber  pressures (PC > 40 Psia) popping was not observed for both 
.027" and .040"  diameter orifices.  For .055" and .060" diameter orifices,  
popping  was  rarely  observed  when  chamber  pressures  were  above  185 Psia. 
The  effect of chamber  pressure  and  orifice  diameter  on  the  occurrence  of 
popping is shown in Figure 16 .  It has been observed that popping was more 
l ikely  to   occur   for   large  or i f ice   diameter  at lower  chamber  pressures  and 
less likely  to  occur  for  smaller  orifices  and at higher  chamber  pressures.  
Both propellant  temperature  and  velocity  were  found to be  not  important.  
Popping  frequency  and  average  pressure  spikes  were  obtained from 
' the oscil lograph data.  These results are shown in Figure 17  and 18. 
Although  the  data  were  not  reproducible , it did  show the effect of pressure.  
Both the  popping  frequency  and  the  magnitude of the   p ressure   sp ikes   a re  
higher  a.t  lower  chamber  pressures. 
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t = 0 .0  second t = 600 microsecond 
t = 200 microsecond t = 800 microsecond 
t - 400  microsecond t - 1000 microsecond 
Figure 15 .  Hydrazine/Nitrogen Tetroxide Blow Apart Phenomena. 
(Test number 386, Steady  State   Chamber  Pressure = 
1 9 5  ps ia)  . 
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Figure 1 7 .  Variat ion of  Popping Frequency for  Different  Chamber Pressures .  
26 
x 
0 
C 
a a 
0 a 
.rl 
w 
0 
a, u 
C 
a, 
L 
a, 1 0 0  
6 
0 
8 8 
0 O O  
0 
0 0  
0 
0 0  
m 
I I 
100 200 
Figure 18.  Var ia t ion  of  Popping  Overpressure  for  Di f fe ren t  Chamber  
C h a m b e r  P res su re  psia 
0 
0 0  
O 8  
0 
0 
0 8  
0 
0 
0 
0 
P r e s s u r e s .  
27 
RESULTS AND CONCLUSIONS 
Both single  exposure  photograpky  and  high  speed  motion  pictures 
were  used to study  three  different  combustion  phenomena  associated  with 
impinging hypergolic propellant streams: combustor pressure poppings , 
stream mixing, and stream separat ion.  
High  speed  motion  pictures  showed  that  popping is a violent 
explosion of the  l iquid  propellant  sprays.   Chamber  pressures  were  also 
recorded  and  were  correlated  with  the  photographically  observed  explosions. 
Pressure  spikes  of several  hundred Psia were  often  observed  resulting from 
these   explos ions .  The occurrence of popping wa,s found to depend signifi-  
cantly on chamber pressure and injector diameters. Using .055" and .060" 
injectors,   experimental   data  showed  that   popping  was almost absent  for 
chamber  pressures  above  185  Psia,   and  was  found  to  occur  very  frequently 
at  lower chamber pressures. Popping was never observed using the smaller 
. 0 2 7 "  orifice , and  was  observed  only  infrequently at low  chamber  pressures 
when .040"  orifice was used. Popping frequency and average pressure spikes 
were obtained from the osci l lograph data .  Both the popping frequency and 
the  magnitude of the  pressure  spikes   are   higher  at lower  chamber  pressures.  
To  summarize,   the test results  showed  that   popping  was more l ikely  to  
occur  for  1a.rger  orifice  diameters at lower  chamber  pressures  and  steady 
state cha.mber  operations  were  observed  for  smaller  orifices at higher 
operating  chamber  pressures.  
Strea.m mixing a.nd separated flows were studied under steady state 
chamber operation conditions.  Two distinctly different separated flows were 
observed. A t  low  chamber  pressures a.nd for nitrogen tetroxide temperatures 
a.bove  the  boiling  point,  vaporization of the  oxidizer  wa,s  significant , resulting 
in a gas/liquid impingement. The resulting spray pattern showed that hydrazine 
droplets were mainly confined on the fuel side. Photographs of the  f l a m e  also 
showed  that  combustion  mainly  occurred  on  the  fuel  side  indicating a separated 
flow. Separated flows were also observed with l iquid/l iquid impingement at 
higher chamber pressures (above 2 3 0  Psia). The resulting liquid sprays 
definitely  showed  color  varia.tions  with  colorless  hydra.zine  a.long  the  fuel 
s i d e  of the  spray  and  brownish  liquid  nitrogen  tetroxide  on  the  oxide  side. 
This  indicated  very  poor  intermixing of droplets  and  l igaments of two  liquid 
propellants. Stream mixing flows were observed at lower chamber pressures 
(less than 230 Psia) and  with  nitrogen  tetroxide  temperatures  below  the 
boiling point. The sprays resulting from liquid/liquid impingement showed 
a very uniform brownish color, indicating good intermixing of droplets a.nd 
ligaments of the two propellants.  T:, summarize,  the test resul ts  showed 
that chamber pressure played a very significant role. Separa.ted flows were 
observed a:t high  chamber  pressures a n d  Tixed  f lows  were  observed at 
lower chamber pressures.  In addition, nitrogen tetroxide temperature was 
a l s o  found to be important.  For nitrogen tetroxide temperature above the 
boiling point, gas/liquid impingement was observed resulting in separated 
flows. 
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APPENDIX A 
NOMENCLATURE FOR TABULAR TEST DATA 
-  Fuel 
- Oxidizer  
-  Propellant  Flow Rate (lb/sec) 
- Propellant  Injection  Temperature (OF) 
- Propellant  I jection  Velocity (ft/sec) 
- Momentum of Propellant  Stream ( W = 1 6  ft/sec2)  
- Average  Injection  Velocity = (WfVf+WoVo)/Wo+W ) 
- Momentum Ratio of Fuel  and  Oxidizer  Streams 
-  Injector  Orifice  Diameter  (equal  fuel  and  oxidizer  orifices) 
-  Average  Injection  Temperature=(Wf Tf+WoTo)/Wf+Wo) 
D/Va - Ratio of Orifice  Diameter to Average  Injection  Velocity 
P - Chamber  Pres sure. 
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